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(54) Abstract Title 

Structure with magnetic properties 

(57) A structure 2 which exhibits magnetic properties 
when it receives electromagnetic radiation 20 is formed 
from an array of capacltlve elements 4 each of which Is 
smaller, and preferably much smaller, than the wavelength 
of the radiation. Each capacitive element 4 has a low 
resistance conducting path associated with it and is such 
that a magnetic component of the received 
electromagnetic radiation 20 induces an electrical current 
to flow around said path and through the associated 
element. The creation of internal magnetic fields 
generated by the flow of the induced electrical current 
gives rise to the structure's permeability, which varies 
between -1 and 5 across the operating frequency band. 

The elements may each be a pair of coaxial split 
cylinders 8, 10 a stack of pairs of split rings (fig 4, 5), a 
spiral cylinder (fig 6), a stack of spiirals (fig 8, 9), a helical 
spiral cylinder (fig 10) or a ring with two gaps occupied by 
ferroelectric (fig 13). 
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Fig. 1(a) 



2 




2/7 





4/7 




5/7 



Fig.8. 
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Fig. 10. 
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Fig.11. 
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Fig. 12. 
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1 

STRUCTUR E WITH MAGNEnC PROPERTES 



This invention relates to a structure with magjietic pix^rties. In certain applications it 
would be advantageous if the magnetic permeability of a material could be tailored for 
that application at least within a specified frequency range. Such a material could have 
advantages in the design of materials for electromagnetic screening for example. 

The invention seeks to provide a structure having a magnetic permeability which is a 
function of the stnicture itself even though the constituent parts of the structure do not 
necessarily of thenxselves have magnetic properties. 

According to the present invention a structure with magnetic properties comprises: an 
array of capacitive dements, wherein each capacitive element includes a low resistance 
conducting path and is such that a magnetic component of electromagnetic radiation lying 
within a predetermined frequency band induces an electrical current to flow around said 
path and through said associated element and wherein the size of the elements and their 
spacing apart are selected such as to provide a predetermined permeability in response 
to said received electromagnetic radiation. 

Thus, the present invention provides an artificially structured magnetic material having 
a permeability, the magnitude and frequency dependence of which can be tailored by 
appropriate design of the material structure. In the context of this patent, and for the 
avoidance of doubt, "capacitive" is to be construed as meaning that the electrical 
impedance is primarily reactive as opposed to resistive and its reactance is such that the 




2 



induced electrical current leads the voltage. 

Natural materials generally exhibit a magnetic pemieability ^ of approximately unity at 
microwave frequencies, but the magnetic structure of the present invention can provide 
5 values of |i typically in the range -1 to 5 at frequencies in the GHz region, or wider 
depending on bandwidth. 

An important feature of the artificially stractured magnetic material of the present 
invention is the capacitive elements which enable the creation of internal fields that are 
10 inhomogeneous, that is on a scale smaller than the wavelength of incoming radiation, and 
preferably far sinaller. These capacitive elements act through the relations 

Bav=f^eff»^oHav Eq. 1 

Dav=WoEav Eq.2 
on the average fields to provide effective values for \x and e^^ which are qvdte different 

15 to those which would be obtained either from the constitutive elements themselves or 
would be obtained from a simple volume average of material properties. A large 
variation in the magnetic permeability can be produced by large inhomogeneous electric 
fields, via a large self capacitance of the array of capacitive elements. The magnetic 
properties of a structured material in accordance with the invention arises not from any 

20 magnetism of its constituent components, but rather from the self capacitance of the 
elements which interact with the electromagnetic radiation to generate large 
inhomogeneous electric fields within the structure. 



The dimensions of each capacitive element are preferably at least an order of magnitude 
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less than the wavelength of the radiation which it is designed to receive. 



Advantageously each capacitive element is of a substantially circular section and in one 
embodiment comprises two or more concentric conductive cylinders in which each 
cyUnder has a gap running along its length. Each cyUnder may be contmuous along its 
length, or can comprise a pluraUty of stacked planar sections, preferably in the form of 
split rings, each of which is electricaUy insulated from adjacent sections. The latter is 
particularly suited to being fabricated readily using, for example, printed circuit board 
(PCB) fabrication techniques. Alternatively each element can be in the form of a 
conductive sheet wound as a spiral. In one embodiment successive turns of the spiral 
are progressively displaced along the axis of the spiral to form a helical structure, with 
adjacent turns partiaUy overiapping. Such an arrangement is found to exhibit significant 
circular bi-reftingence. In yet a further embodiment each capacitive element comprises 
a pluiaHty of stacked planar sections each of which is dectrically isolated fiom each other 
and is the form of a spiral. Again such a structure can be fabricated readily using PCB 
manufacturing techniques. 

The anay can contain elements which are all arranged with their axis in a single direction, 
e.g. normal to the plane of the array; alternatively the array can contain elements with 
axis pointing in two or three mutually orthogonal directions. The array can include 
multiple layers of capacitive elements. The capacitive elements can also take the form 
of interlocking rings which are electrically insulated or isolated from each other, with 
each ring having meaiis. eg a gap in it, to prevent circulation of dc currents. 
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In yet a further embodiment the structure further incorporates a switchable permittivity 
material enabling the magnetic pemieability of the structure to be switched externally by, 
for example, the application of an external electric field. Advantageously the switchable 
permittivity material is a ferroelectric material such as barium strontium titanate (BST). 
5 The concept of including a switchable permittivity material into such a stmcture to enable 
its magnetic properties to be controlled externally is considered to be inventive in its own 
right. 

The invention will now be described by way of example with reference to the 
10 accompanying drawings, in which: 

Figure 1(a) is a schematic representation of a stmctured magnetic material in accordance 
with a first embodiment of the invention; 

1 5 Figure 1 (b) is an enlarged representation of a oqpaciti ve element of the stmcture of Figure 
1(a); 

Figure 2 is a plan view of the capacitive element of Figure 1(b) indicating the direction 
of electrical current flow; 

20 

Figure 3 is a plot of the effective magnetic permeability as a function of angular 
frequency for the stmctured material of Figure 1(a); 

Figure 4 is a representation of a capacitive element in accordance with a second 
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embodiment of the invention; 

Rgure 5 is a representation of a stnictuied magnetic material in accoidance with a second 
embodiment of the invention which incorporates the capacitive element of Figure 4; 

Hgure 6 is a representation of a further form of capacitive element in accordance with a 
third embodiment of the invention; 

Figure 7 is a plot of effective magnetic permeabiUty versus frequency for a structured 
magnetic material incorporating an array of the capacitive elements of Figure 6; 

Figure 8 is a representation of a capacitive element in accordance with a fourth 
embodiment of the invention; 

Figure 9 is a representation of a structured magnetic material in accordance with a fourth 
embodiment of the invention which incorporates the capacitive element of Figure 8; 

Rgure 10 is a schenqatic representation of a capacitive element in accordance with a fifth 
embodiment of the invention; 

Figure 11 shows the: capacitive element of Figure 10 in an unwound state; 

Figure 12 is a plot of wavevector versus frequency for a structured magnetic material 
incorporating tiie capacitive element of Figure 10; 
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Figure 13 is a schematic representation of a capacitive element in accordance with a yet 
further embodiment of the invention; and 

Figure 14 is a schematic representation of an equivalent capacitive element to that of 
5 Figure 13. 



Referring to Figures 1(a) and l(b)» there is shown a structured magnetic material 2 in 
accordance with the invention which comprises an array of capacitive elements 4, each 
of which consists of two concentric metallic electrically conducting cylindrical tubes: an 

10 outer metallic conductive cylindrical tube 6 and an inner metallic conductive cylindrical 
tube 8. Both cylindrical tubes 6, 8 have a longitudinal (i.e. in an axial direction) gap 10 
and the two gaps 10 are offset from each other, preferably by ISO"". The elements 4 are 
arranged in a regular array positioned on centres a distance a apart. The outer cylindrical 
tube 6 has a radius r, and the inner and outer cylindrical tubes 4, 6 are separated by a 

IS distance d. 



It is important to note that the gap 10 prevents dc electrical current from flowing around 
either of the cylindrical tubes 6, 8. There is however, a considerable self capacitance 
between the two cylindrical tubes 6,8 which enables ac current to flow. 

When the stractured material 2 is subjected to electromagnetic radiation 20 whose 
magnetic field H is parallel to the axis of the cylindrical tubes 6, 8 this induces 
altemating electrical currents in the sheets of the tubes as shown in Figure 2. In Figure 
2 the direction of the electrical current is denoted by j which is the induced current 
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density. The greater the capacitance between the sheets 6, 8 of a capacitive element, the 
greater the induced; current density y. 



Using standard analysis based on Maxwell's equations to describe the electromagnetic 
fields, it can be shown that a stractured material (medium) comprising an array of such 
capacitive elements has an effective magnetic permeability which is given by: 



Ttr* 

-2 



1 + 



2oi 3dc: 



Eq.3 



in which o is flie resistivity of tiie cyUndrical tobes 6, 8. a> is the angular frequency, i is 
V^, ris the radius of the outer cyHndrical tube 6, Co the velocity of Ught, a the unit cell 
edge lengtii and d the separation between tiie tubes 6, 8. 



Furthermore, it can be shown tiiat such a structured material has a magnetic permeability 
that has a resonant variation which diverges at an angular resonant frequency a,o which 
is given by: 



^0 



Brfcp 
1^ 



Eq.4 



At a certain angular frequency w^, which by analogy witii conventional models of the 
dielectric response of materials we will refer to as a magnetic "plasma frequency", flie 
effective magnetic peibeability is equal to zero. At die magnetic plasma frequency 
Op tiie system sustams longitudinal magnetic modes that are tiie analogue to tiie plasma 
modes in a free electron gas. The currents flowing around tiie cylindrical tubes make tiie 
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tubes ends take on the role of magnetic poles. For die array of split cylindrical tabes 
illustrated in Figures 1(a) and 1(b) the magnetic plasma frequency is given by: 



Eq.5 



Ti^r^ 1- 



nr 




Figure 3 illustrates the typical form of the effective magnetic permeability ^eff as a 
function of angular frequency a> for capacitive elements which are highly conducting, that 
is, 0 = 0, showing the resonant variation. As can be seen from in Figure 3, below the 
resonant frequency cOq the effective magnetic permeability is enhanced. Above 
resonance is less than unity and can be negative close to the resonance. For example 
for a structured magnetic material in which, r - 2mm, a = 5mm and d = lOOjiim, the 
magnetic plasma frequency fp=cOp/27i is approximately 3GHz for the case of o = 0. The 
frequency separation between the resonant cOq and plasma cOp frequencies is a measure of 
the range of frequencies over which the effective magnetic permeability is strongly 
varying and as will be apparent from equation 6 below depends upon the fraction of the 
structure external to the cylindrical tubes. 



The ratio of the area of the tubes (Tcr^) to the area of a unit cell (a^) is an important 
parameter in determining the strength of the effect on the effective magnetic permeability 
in all of the structures discussed in this patent. 

Referring to Figure 4, this shows an alternative form of capacitive element 44, in which 



CO = 
p 



Eq.6 
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the split cylindrical tubes are composed of circular structures which are built up in sheets, 
and so are not continuous along the longitudinal axis as is the case in Figure 1. Each 
element 44 consists of a number of outer split rings 46, and inner split rings 48, each ring 
being composed of an electrically conducting material formed and patterned on an 
insulating sheet Each spUt ring 46, 48 has a gap 50 positioned so that the gap 50 in the 
inner ring 48 is offset from that in the outer ring 46, preferably by 180". The relevant 
dimensions Cp dj and r, are as shown on the enlarged drawing in Figure 4 in which c, is 
the width of each ring 46, 48 in a radial direction, d, is the spacing between concentric 
rings and r, is the inner radius of the inner ring 48. A structured magnetic material 42 
comprising a large regular array of elements 44 is formed as shown in Figure 5, in which 
the centre spacing of adjacent elements in rows and columns is a,. 

With the H-field of the electromagnetic radiation 20 orientated along the cylinder axis, 
the effective magnetic permeability of the structured material 42 can again be obtained 
from Maxwell's equations and is given by: 

p,,(o» = l- ^^^^^ ^^ ^ Eq.7 

where C is the capacitance per unit length in an axial direction for a column of rings 44. 
The resistivity a of the;conductive rings is given by o = a,N, where a, is the resistance 
of a unit length of one of the conductor making up tiie ring and iV, is the number of spUt 
rings per unit length stacked in the z-direction (axial). 



usefidness of a material composed of this structure can be illustrated analytically vi 
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an approximation to the capacitance per unit length C obtained under the assumptions 

that the two rings 46, 48 are of equal radial width r,»Ci, ri»d,, J<r,, where 6 is the 

c. 

separation between the rings in a given colunm and In— »ii where In is the natural 
logarithm, that is the logarithm to base e. 



C=-^ln 

71 



Eq.8 
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Substituting this into Equation 7 the effective magnetic permeability is then given by: 



2Ca. 
1+ 5-/ - 



3ec 



Eq.9 



Tia> 



Vfln 



2c, 



^1 



and the resonant angular frequency coo given by: 
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3cc; 



7ir,^ln 



2c, 



Eq. 10 



As can be seen from Equation 10 the resonant frequency co^ scales uniformly with size: 
if the size of all elements in a given stmcture is doubled, the resonant frequency halves. 
20 Nearly all the critical magnetic properties of the structure are determined by this resonant 
frequency, which can be brought into the microwave region by choosing an appropriate 
set of parameters. For example for a structure in which: = 10 mm, Cy = 1mm, = 
0.1mm, C = 2mm, = 2mm. The resonant frequency is f ^ — = l-35GHz. A 

271 

structured material having these typical dimensions can be fabricated using standard 
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techniques used in PCB manufacture. The resistivity of typical metals used e.g. copper. 



has a negligible effect on the magnetic permeability variation obtained. 

RefeiTing to Figure 6 there is shown a further form of capacitive element 64 which takes 
the shape of a conductive sheet which is rolled into a spiral, so as to resemble a "Swiss 
Roll". It is rolled into an iVj turn spiral of radius r^, with each layer of the roU sheet 
spaced by a distance from the previous one. When a structured material composed of 
an array of such elements is subjected to electromagnetic radiation 20, in which the 
magnetic field H is parallel to the axis of the "Swiss Roll", this induces alternating 
currents m the sheet of the roll. The important point is again that no dc current can flow 
around the capacitive element The only cunent flow tiiat is permitted is by virtue of thfc 
self capacitance between the first and last turns of the spiral. 

The effective magnetic permeabUity for a mateiial composed of an array of such 
capacitive elements is given by: 



Eq. 11 



1 + 




Whilst the expressions for cOq and Wp then become 



# • 
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and C0p= 

5 For example for a structured material in which = 0.2mm, = O.Smm, ^ = lOjim, and 
N2 = 3, the above frequencies are f 0= co I^Ln = 8.5GH2 and f = co /^n = 1 2.05GHz, 
Using these parameters the dispersion of the magnetic pemieability is plotted in Figure 
7 for a resistivity of o = 2Q. The resonant frequency fo in these stmctures can readily be 
scaled by scaling r^. 

10 

By analogy with the split cylindrical tubes 4 being equivalent to a plurality of stacked 
planar rings 46, 48 it can be shown that the capacitive elements in the form of a spiral 64 
can be formed as a plurality of stacked planar sections 74, each of which is electrically 
isolated from adjacent sections and in which each section is formed as a electrically 
15 conducting spiral, as illustrated in Figures 8 and 9. It can be shown that the effective 
magnetic permeability of a structure comprising an array of such elements, as shown in 
Figure 9, is given by: 




Meff(^)=l ' ' 1 Eq.l4 

20/ _ C£o 

in which rfj is the separation between concentric turns of the spiral, is the radius of the 
spiral, k is the separation between the spiral sections in a vertical direction as illustrated, 
N2 is the number of turns within each spiral, the width of each turn of the spiral in a 
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1- 



Eq. 13 
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radial direction, a, ihe unit cell dimension of the array, and e is the permittivity of the 
insulating material upon which the conducting spiral is fonned. As illustrated in Figure 9, 
the structured material 72 can comprise a square array of such capacitive elements 74 but 
in alternative arrangements the stmcftire can be fonned using other forms of arrays such 
as hexagonal close-packed. The arrangement of Figures 8 and 9 is found to be 
advantageous since it lends itself to being fabricated readily using, for example. PCB 
manufacturing techniques. 



Using capacitive cylindrical elements, such as the heUx or "Swiss Roll", the magnetic 
permeabiUty can be adjusted typically by a factor of two and. in addition if desired, an 
imaginary component of the order of unity can be introduced. The latter impKes that an 
electromagnetic wavfe moving in such a material would decay to half its intensity within 
a single wavelength. This presumes that broad-band effects that persist over the greater 
part of the 2-20GH2 region are of interest. If however an effect over a narrow range of 
frequencies is sufficient spectacular enhancements of the effective magnetic pemieability 
can be achieved, limijed only by the resistivity of the sheets and by how narrow a band 
is tolerable. For example at frequencies of a few tens of megahertz the permeabiUty can 
be enhanced within a range -20 to +50. 

The "Swiss Roll" capacitive element can also form the basis of a structured material 
exhibiting significant circular bi-refringence. This can be achieved by winding die 
cylindrical capacitive ielements of Uje Swiss Roll in a helical fashion. Each layer of foU 
is separated from the next by a distance and the total thickness of foU is layers 
shown in Figure 1 0. Figure 1 1 shows the geometry of the sheet of foil used to make 



as 
one 
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such capacitive element 84 in an unwound state. The capacitive element 84 shown in 
Figure 10 is a right handed spiral. As will be appreciated by those skilled in the art the 
opposite bi-refringence effect can be obtained with a left handed spiral. The structured 
magnetic material is composed of an array of such capacitive elements 84, similar to that 
5 shown in Figure 1 . 

As an illustrative example. Figure 12 shows the wave- vector, as a function of frequency 
calculated for a six layer helical "Swiss-Roll" structure, i.e. N2 = 6, where ^2 = 500|im, 
= 200jxm and = lOjim and the pitch 6 of the helix is T". Some resistive loss (o = 

10 ICQ) is assumed. In the absence of loss the two polarisations are different only in the real 
parts of their propagation constants, which is less interesting since it chiefly affects the 
phase of the transmission. In the lossy case, Figure 12, it is clear that the two circular 
polarisations (denoted (k+) and (k-)) propagate quite differentiy; there being a 
substantial loss in (k-) sufficient to differentiate between the two polarisations within a 

15 wavelength or so. In Figure 12, k© is shown by line 100, the real part of k+ by line 101, 
the imaginary part of k+ by line 102, the real part of k- by line 103 and the imaginary part 
of k- by line 104. From Figure 12, it can be deduced that there is free photon behaviour 
at low frequencies but the loss now enables one to differentiate between polarisations in 
terms of their decay rate from about 3GHz upwards. 

20 

The number of turns, is an important parameter of the structure. The effect of 
increasing is to lower the active frequency, that is the position of the peak in the 
imaginary part of k- (line 104 in Figure 12), to reduce the difference in dispersion for the 
two polarisations. Since the pitch of the helix, 6, controls how densely wound the helical 
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roll is, large values of 6 also tend to redw^e the effect 



a 
in 



It is also envisaged to incorporate switchable permittivity materials in the structured 
magnetic materials described to provide new functionality such as for example a 
magnetic structured material whose resonant frequency can be controlled externally. 
Non-Unear dielectric materials can exploit the strong E-fields which are concentrated into 
the very small volume within the capacitive elements or magnetic microstructures. 
Suitable materials would be ferroelectric ceramics or Uquid crystals which can be 
mcoiporated for exatnplc between the cylindrical tubes of a given element (Figure 1(b)), 
between the rings in a radial direction (Figure 4) or between the turns of the spiral of the 
"Swiss RoU" elements (Figure 6). TypicaUy in liquid crystals a change in permittivity 
Ae of approimately unity can be obtained against a background value of e-3. In 
ferroelectric material such as BST (barium strontium titanate) a change from e-1300 
zero field conditions to e~700 for electric fields of ~ 1.5V/^im has been measured. Other 
types of BST, especially thin films can display lower values of e. The permittivity of the 
non-linear material, eg the ferroelectric material, can be switched either by an incoming 
elecdromagnetic wave, or by a dc electrical field appUed direcdy to the material. 

It will be appreciated: that since the magnetism of all the magnetic structured materials 
described arises from the highly inhomogeneous electric fields between the layers and/or 
turns of the capacitive elements, the magnetic penneability can be strongly affected by 
including a non-linear dielectric medium in the structure. A ferroelectric material such 
as BST. whose permittivity is non-linear, appears at first sight an ideal candidate. 
However, the inclusion of high permitUvity materials such as BST into the structure 
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increases the capacitance and reduces the resonance frequency (Oq. In the case of a 
structured magnetic material composed of capacitive elements in the form of concentric 
cylindrical tubes in which a dielectric material is disposed between the tubes, the resonant 
frequency u>q is given by: 



It can be seen from this equation that the resonant frequency will be reduced by a factor 
of more than thirty through the inclusion of die dielectric material such as BST. To 

10 compensate for this effect it is desirable to reduce the overlap of the cylinders as well as 
the amount of BST material used. To increase the resonant frequency ^ given value 
would require the self capacitance of each capacitive element to be reduced by the same 
factor. Where it is intended that the structured magnetic material is to operate at 
microwave frequencies this would require a stracture composed of capacitive elements 

15 which were impracticable readily to fabricate. 

To overcome this problem a suitable capacitive element 114 shown in Figure 13 which 
comprises a single cylindrical tube 1 14 of radius which has two gaps 1 16 mnning in 
an axial direction. A ferroelectric 1 18 is positioned in the gaps 1 16 in the cylindrical pipe 
20 1 14. It can be shown that the capacitive element 1 14 is equivalent to a stack of single 
split-rings of radial width w having two gaps with ferroelectric material of permittivity 
e in the gap of circumferential length m, as illustrated in Figure 14. It can then be 
calculated that this element has a resonant frequency g><j given by: 
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3dcl 



Eq. 15 
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^0 



In this example, the ring radius is = 2wm, thickness w = lOum, and the lattice spacing 
between elements in the array a = 5mm giving a resonant frequency of between 5 and 
7GH2 fcM- a ferroelectric in which e is in the range of 700 to 1400. 

By tuning the permittivity of the ferroelectric therefore from 1400-700 using a static 
electric field, the resonance in the overall magnetic penneabiUty can be shifted by nearly 
50% in frequency. One method of fabricating the capacitive element of Rgure 13 is to 
metallise the curved surface of an insulating core, to define two gaps by forming grooves 
through the metaUic layer by, for example, by etching or cutting and to then deposit BST 
in the grooves by ion beam sputtering. 



Active bi-refrigent artificially stractured magnetic materials can also be fabricated by 
using a ferroelectric or alternative material with non-linear pennittivity within a helical 
structure such as the Swiss Roll helix of Figure 10. 

It will be appreciated that structured magnetic materials in accordance with the invention 
are not restricted to tiie specific embodiments described and that modifications can be 
made which are within tiie scope of the invention. For example, two dimensional and 
three dimensional embodiments of microstructured magnetic material can be built up 
from the capacitive elements described by stacking elements to generate activity along 
all three axes, each element being electrically isolated. 




Furthermore interlocking structures can be used to improve the fill factor, ie capacitance 
per unit volimie, and hence the activity of the material. In particular stacked ring 
structures could be looped through each other to achieve this. 

5 Typical geometries of these microstructured arrays require dimensions in the range of 
lO's of fim to a few nun depending on the required frequency of operation. They are, 
therefore, amenable to a variety of fairly conventional fabrication techniques. For 
example: spiral or helical inetallic structures could be fabricated by simple rolling of 
metal sheets over a rod of suitable diameter, which could be formed out of plastic. The 

10 use of dielectric formers with e^^l would change the capacitance of these stractures and 
are another way the magnetic characteristics of the material can be tailored. Metallised 
sheets deposited on a plastic backing would be a suitable starting material, and helices 
could be formed by arranging the metal coating in a bar pattern so that the angle of the 
helix was predetermined. The printing of resistive inks on a suitable substrate such as 

15 polyester would be another altemative and one in which the resistivity of the inks could 
be changed according as to the application. Split, concentric cylinders could be drawn 
from a stmctured boule. Drawing of metal and/or glass combinations can be achieved 
using techniques familiar from the production of optical (glass) fibres. 

20 It will be appreciated that in all embodiments of the invention there exists an array of 
capacitive elements in which the dimension of said elements is substantially less than the 
wavelength of the radiation the structured material is intended to operate with. It will be 
further appreciated that the magnetic properties of the structured material of the 
invention arises not from any magnetism of its constituent parts, but rather from the self 
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capacitance of the elements which interact with the magnetic component of the radiation 
to generate large inhomogeneous electric fields within the structure. Furthennote it will 
be appreciated that each capacitive element has an electrical conduction path associated 
with it and that said path is highly conducting, i.e. it is not lossy. In contrast in the known 
structured materials the electrical elements are resistive and therefore lossy. The present 
patent application teaches a structured materials which has no static magnetic properties 
but which can be taUored to have a magnetic penneability that can be large, zero or even 
negative at a selected frequency or over a selected frequency range. 



CLAIMS 
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1 . A structure with magnetic properties conq)rising an airay of capacitive elements, 
wherein each capacitive element includes a low resistance conducting path and is such 
that a magnetic component of electromagnetic radiation lying within a predetemiined 
frequency band induces an electrical current to flow around said path and through said 
associated element, and wherein the size of the elements and their spacing apart are 
selected such as to provide a predetermined permeability in response to said received 
electromagnetic radiation. 

2. A structure according to Claim 1 in which each capacitive element is of a 
substantially circular section. 

3. A structure according to Claim 1 or Claim 2 in which each capacitive element is 
in the form of two or more concentric conductive cylinders in which each cylinder has 
a gap running along its length. 

4- A structure according to Claim 3 in which each cylinder comprises a plurality of 
stacked planar sections each of which is electrically insulated from adjacent sections. 

5. A structure according to Qaim 1 or Claim 2 in which each capacitive element is 
in the form of a conductive sheet wound as a spiral. 

6. A structure according to Claim 5 in which successive turns of the spiral are 
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progressively displaced along the axis of the spiral to form a helical structure, with 
adjacent turns partially overlapping. 

7. A structure according to any preceding claim in which each capacitive element 
comprises a pluraUty of stacked planar sections each of which is electrically isolated ftom 
each other and is the form of a spiral. 

8. A structure according to any preceding claim in which the axes of the capacitive 
elements point in a common direction. 

9. A structure according to any one of Qaims 1 to 7 in which the capacitive 
elements are arranged such that groups of elements have their axes pointing in two or 
three mutually orthogonal directions. 

10. A structure according to any preceding claim and wh»ein the capacitive elements 
lie in a plurality of planes to form a multilayer structure. 

11. A stracture according to any preceding claim and further comprising a switchable 
permittivity material within said structure. 

12. A structure according to Claim 1 1 in which the switchable permittivity material 
is a ferroelectric matbrial. 



A structure with magnetic properties substantially as iUustrated in and described 
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with reference to any one of Figures 1(a) and 1(b), 4 and 5, 6 8, and 9 or 1 1 and 12 of the 
accompanying drawings. 
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